1. Introduction {#s0005}
===============

Saudi Arabia has approximately 170 million hectares of rangelands, which represent approximately 70% of its territory. However, a major portion of this area is degraded due to overgrazing and other human activities ([@b0015]). This overexploitation of rangeland resources has resulted in biodiversity loss and habitat fragmentation ([@b0115]).

Conserving important native rangeland species is necessary to increase the availability of forage plants adapted to the various edaphic and climatic conditions of different regions of the country and to develop plant material for the restoration of deteriorated rangelands. With global climate change, continuous pressure from abiotic factors (e.g., extreme temperature and drought), and anthropological activities impacting on native vegetation, conservation of grass species such as *Panicum turgidum* may be a potential candidate for forage production and habitat restoration.

*Panicum* is the largest genus within *Poaceae*, a diverse family consisting of approximately 450 annual and perennial species ([@b0010]). *Panicum* is distributed in North Africa, extending eastward from Mauritania and Senegal through the Sahara and Sahel to Sudan and the horn of Africa and western Asia to Pakistan and India ([@b0040], [@b0045], [@b0125], [@b0180], [@b0195]). In Saudi Arabia, it grows in various habitats ranging from the seashore, interior desert plains, and sand dunes to the mountain ranges of the southwest ([@b0060]). It was noted that high-yielding grazing species ([@b0110]) can endure harsh climate ([@b0175]) and may have potential as a nurse plant to other important species in restoration projects ([@b0030], [@b0025], [@b0070]).

*P. turgidum* is a C4 perennial halophytic grass, widely distributed in saline and arid areas, highly palatable and relatively high in crude protein content ([@b0090]). Despite the importance of *P. turgidum* for grazing and desert restoration, the genetic variation of this species in Saudi Arabia has not been characterized.

Genetic variation is the basic element of biological polymorphism and species diversity. It provides a guide for the selection of appropriate germplasm for genetic improvement and or restorations activities, as well as predicting the degree of inheritance and the levels of heterosis in various hybrid combinations. Molecular markers have become the method of choice for the assessment of genetic diversity in plants. Studies applying molecular markers to access the genetic variability and phylogenetic relationships in *P. turgidum* populations are limited, and to our knowledge, there are no publications reporting the investigation of genetic diversity of *P. turgidum* using molecular markers. Amplified fragment length polymorphism (AFLP) ([@b0225]) is a reliable, robust, and highly reproducible assay for dominant genetic markers and has been widely used for genetic studies in many organisms, including cultivated plants and their wild relatives. In this study, we aimed to evaluate the genetic diversity of *P. turgidum* collected from different habitats in Saudi Arabia.

2. Materials and methods {#s0010}
========================

2.1. Sample collection and DNA extraction {#s0015}
-----------------------------------------

A total of 177 *P. turgidum* accessions representing collections from 10 wild populations (11--28 accessions per population) from different habitats in Saudi Arabia were randomly selected. The longitude, latitude, and elevation of these populations are listed in [Table S1](#s0060){ref-type="sec"} (available online). One fresh leaf from each accession was collected, dropped in liquid N~2~, and stored at −80 °C until DNA isolation. DNA was extracted using the modified sodium dodecyl sulfate protocol ([@b0095]). The quality and concentration of the extracted DNA was assessed using 0.8% agarose gel electrophoresis and spectrophotometry. Samples were diluted with Tris-EDTA (TE) buffer, and the concentration was fixed at a 100 ng/µL.

2.2. AFLP procedure {#s0020}
-------------------

The AFLP plant-mapping guide from (ABI) Applied Bio-systems (Waltham, MA, USA) was adapted in this study, with some modifications. Samples (5 µL; 0.5 µg of genomic DNA) were added to 0.2-mL tubes, and 5.5 µL of the digestion-ligation mix was added to each sample, mixed well, and incubated at 37 °C for 3 h. TE~0.1~ (90 µL) was added to each tube and stored at 4 °C. The first polymerase chain reaction (PCR) was performed with primers that matched the adapter sequence and had one additional "selective" base (*Eco*R1 primer \[*Eco*R1 + A\] and *Mse*I primer \[*Mse*I + C\]). In a 1.5 ml tube, the PCR mix was formulated with 10 µL of 2 × PCR Master Mix (Promega, Madison, USA), 0.2 µM of each primer *Mse*I-C and *Eco*RI-A, 3 µL of diluted dig-lig, and double-distilled water, to a final volume of 20 µL. The PCR parameters were as follows: 30 cycles of 72 °C for 2 min, 94 °C for 30 s, 56 °C for 30 s, 72 °C for 2 min, followed by 60 °C for 10 min and a hold at 10 °C. The product was then diluted 10 times with TE. For the final PCR reaction, the amplified +1 product was used as the new template. The primers for this reaction had the same sequence as the +1 primer except for two additional selective bases. The *Eco*R1 + 2 primers were labeled with a fluorescent dye (6-FAM) that could be detected with the ABI 3130xl Genetic Analyzer. Initially, 12 *Eco*R1 + 2/*Mse*I + 3 primer combinations were tested individually to identify the best amplifications (most readable and numerous polymorphic bands). The PCR parameters were as follows: initial denaturation at 94 °C for 2 min, followed by 12 cycles of 94 °C for 30 s, 65 °C for 30 s with a gradient reduction of 0.7 °C per cycle, and 72 °C for 1 min. This was followed by 23 cycles of 94 °C for 30 s, 56 °C for 30 s, 72 °C for 1 min, and a final extension of 72 °C for 10 min.

2.3. Running the AFLP gel on the ABI 3130xl genetic analyzer {#s0025}
------------------------------------------------------------

One-microliter of the PCR-amplified product was mixed with 0.5 μL of GeneScan 500 LIZ size standard (Applied Biosystems P/N 4322682) and 8.5 μL of Hi-Di Formamide (Applied Biosystems P/N 4311320). The mixture was denatured and loaded on the 16-capillary system of the Applied Biosystems 3130*xl* Genetic Analyzer. A 36-cm capillary array (Applied Biosystems P/N 4315931) and 3130 POP-7 polymer (Applied Biosystems P/N 4352759) were used.

2.4. Data analysis {#s0030}
------------------

AFLP fragments were analyzed with the GeneMapper Analysis Software v3.7 (ABI), and the data were assembled in binary format (allele presence \[1\] or absence \[0)\]). The threshold for allele calling was set at 100 relative fluorescence units (rfu), so that any peaks at 100(rfu) or higher were assigned a "1" and those that were lower were assigned a "0." Fragment analysis was carried out for allele sizes in the range of 100--500 bp. Loci with band frequencies higher than 1 -- (3/*N*), where *N* = number of individuals sampled, were deleted to account for estimation bias due to overestimation of parameters by as much as 5%, especially in the case of small sample sizes ([@b0005], [@b0135]). The data generated from the AFLP analysis were analyzed using Jaccard similarity coefficient ([@b0105]). The resulting similarity coefficients were used to construct a dendrogram using the Unweighted Pair Group Method with Arithmetic Average (UPGMA) employing the PAST3 program. The polymorphism information content (PIC) for each primer was calculated to estimate its allelic variation as follows: $\text{PIC} = 1 - \sum_{j = 1}^{n}\mathit{Pij}^{2}$, where *Pij* is the frequency of the *i*th allele for marker *j* and the summation extends over *n* alleles, calculated for each AFLP marker ([@b0020]). The power of discrimination was calculated using the formula PD = 1−∑*gi*^2^, where *gi* is the frequency of the *i*th genotype ([@b0120]). The binary matrix of presence/absence was used for further analysis with GenAlex 6.5 complement for MSExcel ([@b0185]). The total number of alleles, genetic diversity, and Shannon index for each population, and the number of private alleles per population and region were calculated using this approach. Genetic differentiation between populations was determined using phiPT, a measure that allows intra-individual variation to be suppressed and is therefore ideal for comparing codominant and binary data, with 10,000 permutations. Analysis of molecular variance (AMOVA) among and within populations and geographical regions was performed using GenAlex ([@b0185]). Group analysis of populations based on Gower genetic distance was also conducted. Correlations between populations and geographic distances were assessed using Mantel's test with 5000 permutations ([@b0140]), performed using GenAlex ([@b0185]).

3. Results {#s0035}
==========

The four AFLP primer combinations revealed 836 polymorphic amplified DNA fragments. The number of amplified DNA fragments ranged from 143 for primers *Eco*R1-AA/*Mse*1-CCA to 262 for *Eco*R1-CT/*Mse*1-CAG. The average number of polymorphic fragments per accession was 37.5 and ranged between 31.8 and 51.8 for primer pair combinations *Eco*R1-AA/*Mse*1-CAG and *Eco*R1-CT/*Mse*1-CAG, respectively). An average of 209 polymorphic fragments per primer combination was obtained across the accessions. All the primers showed 100% polymorphism, and the overall size ranged from 100 to 500 bp.

The four primers generated 26,937 bands, with an average of 6734 bands per primer combination across accessions (range: 5622 for primer pair combination *Eco*R1-AA/*Mse*1-CAG to 9166 for primer pair combination *Eco*R1-CT/*Mse1*-CAG). All primer combinations produced high polymorphism information content (PIC) and power of discrimination (PD) values ([Table 1](#t0005){ref-type="table"}).Table 1Characteristics of AFLP primers selected in *Panicum turgidum* genetic diversity.Primer combination *Eco*R1/*Mse*ITotal alleles[a](#tblfn1){ref-type="table-fn"}Total no. of bands[b](#tblfn2){ref-type="table-fn"}Average bands[c](#tblfn3){ref-type="table-fn"} (range)PICDPAA/CAC258628235.5 (4-114)0.990.99AA/CAG173562231.8 (4-104)0.990.99AA/CCA143586733.1 (4-126)0.990.99CT/CAG262916651.8 (4-117)0.990.99Total83626937------Average209673437.50.990.99[^1][^2][^3][^4]

The genetic diversity parameters analyzed in this study are presented in [Table 2](#t0010){ref-type="table"}. The average number of alleles found within each population (*N~a~*) was 1.32 (range: 1.01 in the Madinah population to 1.65 in Farasan), and the average number of effective alleles was 1.33 (range: 1.20--1.45). Nabhaniya showed lower values for both the Shannon index and heterozygosity compared with the other populations. Uqair and Farasan showed the highest values of Shannon index and heterozygosity. All populations showed a mean value of 0.31 for the Shannon index and 0.20 for heterozygosity. The Farasan population showed the highest polymorphic percentage (82.42%). The average polymorphic value observed was 66.15% (range: 50.72%--82.42%). Six private alleles were obtained, of which four were presented in the accessions collected from the Farasan population and one each from the Uqair and Taif populations.

With respect to the geographic regions, populations collected in the southern region (Dhabia and Farasan) showed the highest genetic diversity (average number of different alleles, 1.87; number of effective alleles, 1.44; Shannon index, 0.42; heterozygosity value, 0.27 with ten private alleles; and polymorphic percentage, 93.30%), while the central region showed the lowest values for the number of different and effective alleles, Shannon index, heterozygosity, and polymorphism percentage ([Table 2](#t0010){ref-type="table"}).Table 2Diversity parameters of *Panicum turgidum* populations obtained from the analysis of 836 AFLP alleles.Population\# of accessionsNaNeIH%PPrivate allelesNabhaniya281.171.200.220.1358.370Sajir151.191.330.300.2059.570Thumama221.341.300.290.1966.990Rwag141.211.290.280.1860.290Ras Tanura111.101.290.270.1854.900Dhabia211.531.370.350.2376.560Uqair151.511.450.390.2675.721Farasan231.651.400.380.2482.424Taif151.521.380.360.2375.961Madinah131.011.270.250.1650.720  Mean1.321.330.310.2066.15Min111.011.200.220.1350.72Max281.651.450.390.2682.42  *Region*Central791.591.300.300.1979.312East321.801.400.390.2590.191South381.871.440.420.2793.3010west281.631.350.340.2281.7011  Mean1.721.370.360.2386.12Min281.591.300.300.1979.31Max791.871.440.420.2793.30[^5]

The Analysis of Molecular Variance (AMOVA) indicated that most of the genetic variation was attributable to differences within populations (78%), while the variability among populations and among regions contributed 10% and 12%, respectively ([Table 3](#t0015){ref-type="table"}). Population differentiation and genetic structure were highly significant for all variances. The pairwise Jaccard genetic similarity among the 177 accessions ranged from 0.0 to 0.78 (Table S3, available online). The population genetic distance values ranged from 0.18 (between Nabhaniya and Thumama) to 0.55 (between Rwag and Farasan populations; [Table S2](#s0060){ref-type="sec"}, available online).Table 3Summary of AMOVA. Estimated variance (Est.Var) percentage and the differentiation among region, among populations and within population values for *Panicum turgidum* using AFLP markers.SourcedfMSEst. Var.%Among regions (AR)3825.4413.1612Among pops (AP)6278.5010.9910Within pops (WP)16787.7587.7578  Total176111.90100PhiRT (value/*P*\<)0.118/0.001PhiPR0.111/0.001PhiPT0.216/0.001[^6]

Cluster analysis using Jaccard coefficient supported by PCoA led to near agglomerations ([Figs. S1 and S2](#s0060){ref-type="sec"}, available online). Mantel test resulted in a cophenetic correlation coefficient of 0.934 for the Jaccard coefficient. The UPGMA dendrogram revealed clusters that almost corresponded to the geographical origin of the accessions. The 177 accessions were distributed among eight clusters ([Table 4](#t0020){ref-type="table"}). Of the eight clusters, five were considered main clusters and compassed 163 accessions, representing 92% of the total accessions. Sixty-six accessions (37%) were grouped to form the first main cluster. These accessions were collected from the central part of the country and had a contribution of 77% (51 accessions); 9 accessions (14%) were from the eastern part, and 6 accessions (9%) from the southern part. In the second main cluster, 54 accessions (31%) were collected from the eastern part (18) with 34%, 29 accessions (54%) from the southern part, and 7 accessions (13%) from the western part of the country. The other three clusters showed lower distributions (10%, 9%, and 6%). Accessions collected from the western part were distributed in two clusters; 17 of 28 accessions formed one cluster and 4 accessions were grouped in the second cluster. The remaining 3 clusters compassed accessions collected from the central part of Saudi Arabia, with 13 out of 14 accessions (93%).Table 4Clustering patterns of collected *Panicum turgidum* accessions based on AFLP data.LocationRegionNo. of accessionsCluster 1Cluster 2Cluster 3Cluster 4Cluster 5Cluster 6Cluster 7Cluster 8NabhaniyaCentral28146341ThumamaCentral2212721RwagCentral1414SajirCentral151122Ras TanuraEast11911UqairEast21183DhabiaSouth15681FarasanSouth23212TaifWest15771MadinahWest13103  Total (frequency)1771.0066 0.3754 0.3117 0.1016 0.0910 0.066 0.034 0.024 0.02  Central79 0.4551 0.7715 0.945 0.844 1.004 1.00East32 0.189 0.1418 0.341 0.063 0.301 0.16South38 0.216 0.0929 0.543 0.30West28 0.167 0.1317 1.004 0.40

Group analysis of populations is presented in [Fig. 1](#f0005){ref-type="fig"}. Pairwise Population Matrix of Genetic distance is presented in [supplementary Table S2](#s0060){ref-type="sec"} available online. Populations were grouped according to their geographic region. Three clusters with high bootstrap values were formed. Accessions from the western parts of the country (Taif and Medina) formed the first cluster. The second cluster comprised all populations collected from the central region of the country and one population from the eastern region, and finally, two populations from the western region (Farasan and Dhabia) were grouped with one eastern population in the third cluster. Mantel test revealed that there was a significant correlation between the pairwise geographical and genetic distances (*r* = 0.35, *P* \< 0.04) for all the populations. Principal coordinate analysis (PCoA) further validated the results of the cluster analysis ([Fig. 2](#f0010){ref-type="fig"}). In PCoA, the first two components explained more than 63.6% of the variation in the estimates of genetic similarity. Altogether, three distinct groups were revealed by the first two principal coordinates. Group 1 included all accessions from Madinah and Taif (western parts of country). The accessions from Uqair, Farasan, and Dhabia were clearly differentiated and formed group 2. Group 3 included accessions from Nabhaniya, Thumama, Ras Tanura, Sajir, and Rwag.Fig. 1Dendrograms generated using unweighted pair group method with arithmetic average (UPGMA) analysis, showing relationships between 10 *Panicum turgidum*, populations using AFLP data based on Gower genetic distance.Fig. 2Principal coordinate analysis (PCoA) of the 10 *Panicum turgidum* populations based on AFLP markers. E: east, W: west, C: central of the Saudi Arabia.

4. Discussion {#s0040}
=============

In the present study, four AFLP *Eco*RI + *Mse*I primer combinations generated 100% polymorphism, which was confirmed by analysis of the individual DNA profiles and genetic diversity. These primers generated 836 differently sized AFLP markers (alleles) across all accessions, which was considered sufficient to estimate the diversity of *P. turgidum*. The number of alleles obtained in this study was more than that obtained in previous studies on the genetic diversity of *P. virgatum* (452 polymorphic AFLP markers) by [@b0205], 91 RAPD markers by [@b0080], 63 EST and genomic SSR loci by [@b0165], and 16 EST-SSR loci by [@b0065]. [@b0155] indicated that the percentage of polymorphic markers becomes reliable only when a large number of loci are generated. However, they did not indicate the specific marker numbers required for this kind of study.

In this study, the average number of polymorphic fragments was 37.5 per primer pair combination, which exceeded that of previous assessments of genetic diversity in *Panicum* accessions. The large number of polymorphic DNA fragments revealed by AFLP is an advantage of the technique, as the accuracy of measurements of genetic distances increases with the number of loci used ([@b0210]). In previous studies, 18.2 loci based on 5 RAPD primers ([@b0080]) and 17.8 loci from 7 RAPD primers ([@b0055]) were reported. The high polymorphism percentage (100%) recorded in this study was consistent with several previous reports using different types of markers in *Panicum* sp. [@b0160] reported 84.6%--100% polymorphism using RAPD markers, and [@b0100] reported 88.2%--100% polymorphism in sequence-related amplified polymorphic (SRAP) markers and 85.71%--100% polymorphism in expressed sequence tags-simple sequence repeats (EST-SSRs). In another study, [@b0190] used a modified AFLP technique in sea oats and amplified 95 bands with 8 AFLP primers, of which 52 were polymorphic. [@b0200] used 12 AFLP *Eco*RI + *Mse*I primer combinations and generated 42%--81% polymorphisms with a mean of 59% in sea oats. Molecular analysis of 87 samples of *P. coloratum* with 7 ISSR and 10 SSR primers generated 88% and 100% polymorphic loci, respectively ([@b0035]). In comparison, the present study detected a higher rate of polymorphism and provided higher resolution owing to the generation of a large number of loci utilizing electrophoresis system using FAM labeled and laser detectors in ABI genetic analyzer have much higher detection power compared with ordinary PAGE systems used in other studies.

The PIC values, which are a reflection of allelic diversity and frequency among the genotypes, are estimators of the usefulness of any marker system for genotype distinction and genetic diversity analysis. Based on the polymorphism value, [@b0220] and [@b0230] classified PIC values as high (\>0.5), medium (between 0.25 and 0.5), or low (\<0.5). In this study, the four primer combinations generated a high PIC value (0.99), indicating that the AFLP markers could be used to develop a high loci polymorphism database for *P. turgidum*. The mean PIC and PD values of the primer combinations in this study were higher than those reported in the earlier study involving *Panicum* sp. ([@b0165]).

To our knowledge, this study is the first comprehensive survey of genetic diversity in *P. turgidum* accessions of Saudi Arabia using AFLP markers. The wide range of similarity among the accessions and among populations exceeded that of many studies using other *Panicum* spp. [@b0065] reported a range from 0.76 to 0.97 using EST-SSR. [@b0150] recorded a range of 0.70--0.82 using RFLP markers, and [@b0080] reported a range of 0.53--0.78 using RAPD markers. The greater degree of genetic diversity among the accessions and populations in our study could be attributed to their being more accessions from different habitats and altitudes and a more alleles detected using the AFLP marker system in our study. A previous study comparing the efficiency of different marker systems in detecting genetic diversity revealed that EST-SSRs and RFLPs are both highly conserved and therefore, might result in the generation of smaller genetic distances than a dominant marker system. These authors concluded that AFLP was the best-suited molecular assay for fingerprinting and for assessing genetic relationships with high accuracy ([@b0075]).

Cluster analysis using the UPGMA approach, verified by PCoA, showed that the differentiation of genetic structure followed a geographic pattern. Strong bootstrap support was obtained for the branches, indicating the reliability and stability of the inferred relationships as well as the robustness of the AFLP dataset. The goodness-of-fit of the AFLP-generated dataset for the cluster analysis was also supported by the high cophenetic correlation coefficient (0.934) separating the population according to its origin. The results were also supported by the significant positive correlation between the populations and the geographical pairwise distances (*r* = 0.45, *P* \< 0.04) using Mantel's test.

Although there were some exceptions, within each cluster, accessions from the same geographical origins tended to group together, and the overall geographic proximity was high, as indicated by the AFLP dendrogram. These findings are consistent with the results of a previous study indicating limited gene flow among populations due to linear and fragmented distribution ([@b0050]). These differences could be caused by adaptation to geographic regions. Other studies have revealed that most of the germplasm examined subcluster according to the adaptive regions ([@b0055], [@b0165], [@b0240]). [@b0130] have listed a number of evolutionary factors that affect the population diversity and structure of a species, including the reproductive system, pollen or seed dispersal mechanism, geographic range, successional status, and natural selection. [@b0235] have reported that seed dispersal over a large area leads to greater gene flow and has a more homogenizing effect on the genetic variation among populations, while mechanisms that lead to seed dispersal over very short distances cause an increase in the genetic structuring of populations. Overall, accessions collected from the Uqair and Farasan populations showed high genetic variability, while accessions collected from Nabhaniya and Madinah showed lower genetic diversity. In addition, Farasan recorded four private alleles, while both Uqair and Taif recorded one private allele for each location. The presence of accession-specific bands suggested distinctness and limited gene flow ([@b0035]). Accordingly, both the eastern and southern regions harbored more genetic variability, and the populations of these regions recorded high values of genetic diversity parameters. The accessions (84%) collected from the southern region were distributed to two main clusters, while 64% of the accessions collected from the eastern regions could be grouped into two main clusters.

The amount of genetic variation among and within populations has been demonstrated to be closely associated with the breeding system, seed dispersal mechanism, and geographic distribution range ([@b0170]). The mean within-population diversity has been shown to be an accurate predictor of the total within-species diversity ([@b0085]). In our study, most of the genetic variation was attributable to differences within populations (78%) associated with high and significant pairwise values for population differentiation and genetic structure (0.216, *P* \< 0.001). These results are consistent with those of [@b0165] who reported that 79.6% of the total variance in *P. virgatum* was attributable to within-population diversity. Greater within-population variation has been reported in different perennial grasses, including *Phalaris aquatica* (74%; [@b0145]) and *Chloris gayana* Kunth (88%, [@b0215]), using AFLP markers. In RAPD-based studies for evaluating population differentiation in outcrossing taxa, have demonstrated that among-population diversity was closely correlated with maximum geographic distance between sampled populations and long-lived taxa ([@b0170]). In outcrossing, late successional taxa retain most of their genetic variability within populations. By contrast, annual, selfing, and/or early successional taxa allocate most of the genetic variability among populations. On the other hand, using ISSR markers, 77% of the molecular variability in *P. coloratum* was found to be attributable to accession differences; however, SSR data detected only 37% molecular variability that could be attributable to differences between accessions ([@b0035]).

5. Conclusions {#s0045}
==============

In this study, AFLP analysis revealed a large number of distinct, scorable fragments per primer pair. The AFLP technique, along with clustering algorithms, PCoA, Mantel test, and AMOVA analysis, showed a high-level of genetic diversity within Saudi *P. turgidum* populations. This diversity should be maintained in order to prevent potential extinction or loss of genetic diversity of this important species. AMOVA suggested high diversity within populations, which allows for breeding and selection within each population.
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[^1]: PIC; polymorphic information content, DP; discrimination power.

[^2]: Total number of differently sized AFLP markers amplified across all accessions.

[^3]: Total number of AFLP markers (data points) scored for all accessions.

[^4]: Average number of AFLP markers scored per accession.

[^5]: Na = \# of different alleles, Ne = \# of effective alleles, I = shannon index, H = diversity = 1 − (*p*^2^ + *q*^2^), \# private alleles = \# of alleles unique to a single population (region).

[^6]: PhiRT = AR/(WP + AP + AR) = AR/TOT, PhiPR = AP/(WP + AP), PhiPT = (AP + AR)/(WP + AP + AR) = (AP + AR)/TOT. AR = Est. Var. Among Regions, AP = Est. Var. Among Pops, WP = Est. Var. Within Pops.
